The addition of simple salt to a solution of conjugated polyelectrolyte can lead to substantial changes in its optical properties caused by the conformational change of the polymer chain. The effect of the addition of alkali metal and tetraalkylammonium chlorides to solutions of lithium salt of poly(thiophen-3-ylacetic acid) is investigated by NMR. The fractions of free alkali metal counterions are in agreement with predictions of the cylindrical Poisson-Boltzmann cell model. On the other hand, the fractions of free tetraalkylammonium counterions deviate from the prediction of this model and diminish with increasing size of these counterions. This trend is consistent with observed ultraviolet-visible absorption spectra and measured self-diffusion coefficients of the polyion in mixtures with tetraalkylammonium salts. A transition to more constricted conformation of the polyion chain becomes more pronounced with the lengthening of alkyl groups in the added tetraalkylammonium cation. Taking into account the obtained fractions of free counterions, existing thermodynamic data are reanalysed in order to determine thermodynamic parameters for binding of different counterions to the polyion. This analysis shows that standard enthalpies of binding of alkali metal counterions are distinctively different, which is most probably related to differences in hydration shells of counterions. On the other hand, such an analysis fails in the case of tetraalkylammonium chlorides where obviously more complex changes take place. Fig. 1 Structural formula of the PTAA monomeric unit.
Introduction
Poly(thiophen-3-ylacetic acid) (PTAA) is a polymer (Fig. 1 ) from a class of conjugated polyelectrolytes (PEs). These polymers are, due to their favourable physical properties, the subject of intensive application studies in the field of optoelectronic devices [1] [2] [3] [4] [5] [6] [7] [8] [9] and sensors. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Although conjugated PEs are mostly used in the form of thin layers, [1] [2] [3] [4] [5] [6] [7] [8] [9] their properties in solutions, from which those layers are made, are of crucial importance. [25] [26] [27] One of the parameters that have a decisive effect on the properties of conjugated PEs in the solid state 7, 25 and in solution 28 is the nature of the counterion.
It is well known that the spectral properties of conjugated PE solutions depend on their conformation and the potential formation of aggregates. [28] [29] [30] Both properties can be influenced by the degree of neutralisation and by the selection of counterion species. In this respect, polythiophenes are no exception.
Kim et al. 29 and Vallat et al. 30 have shown that the position of the absorption maximum in the spectra of PTAA aqueous solutions depends on the level of neutralisation. In both cases a red shift was observed when the degree of neutralisation was increased. This effect was explained by the conformational change induced by the increased density of charged groups on the polyion. 29, 30 An existence of the ionochromic effect in polythiophene solutions was observed by McCullough et al., 28 who found a strong dependence of absorption spectra on the counterion nature.
They showed that the decrease of the counterion size (from tetrabutylammonium to ammonium) leads to a red-shift in the absorption spectrum of aqueous solutions of salts of poly(thiophen-3-ylpropionic acid). This effect was ascribed to the ability of larger counterions (e.g. tetrabutylammonium) to hinder polyion main chains from getting into contact with one another, thus preventing the aggregation of polyions while this is not the case for smaller counterions (e.g. tetramethylammonium). The strong dependence of the absorption and emission spectra on the length of alkyl chains in cationic surfactants added to aqueous solution of fully ionised regio-irregular PTAA confirmed the pronounced sensitivity of conjugated polyanions to their environment. 31 In this case, observed changes in spectra were explained by the formation of mixed aggregates between polyion and surfactant molecules.
The goal of the present study is to address quantitatively the influence of the nature of counterions on the properties of the PTAA in solution. For this purpose, we have previously determined the fraction of free counterions, f, in aqueous solutions of PTAA lithium, sodium, and caesium salts using the combination of conductivity and transference number measurements. 32 It turned out that f does not depend on the nature of the alkali metal counterion, i.e. none of the mentioned alkali metal counterions seems to show specific interactions towards the poly(thiophen-3-ylacetate) polyion (PTA À ). In contrast, heats of dilution and heats of mixing strongly depend on the nature of the alkali metal counterion. 33 This dependence, however, is most probably not directly related to the properties of PTAA but rather to the different affinities of the alkali counterions towards water. 34 As a part of our latest study, 33 heats of dilution of tetraalkylammonium salts of PTAA and heats of mixing of lithium PTAA salt (PTALi) with tetraalkylammonium chlorides were also determined. Measured heats of mixing PTALi solution with solutions of alkali metal chlorides on one side and with solutions of tetraalkylammonium chlorides on the other side were fundamentally different and the differences were ascribed to the existence of hydrophobic interactions between the PTAA hydrophobic backbone and the alkyl chains of tetraalkylammonium counterions. 33 Considering that heats of mixing alone cannot provide information about the preferential binding of tetraalkylammonium over alkali counterions to PTA À , the current study investigates this competition further by measuring self-diffusion coefficients of counterions and polyions as well as by carrying out a thermodynamic analysis using both these new data and existing calorimetric data.
When association processes in solutions are studied, various NMR techniques can be used for the investigation of such phenomena. 35 For example, NMR quadrupole splitting has been used successfully for assessing the specific adsorption of lithium and sodium ions to dodecyl carboxylate and dodecyl sulphate bilayers 36 as well as for studying the specificity of binding of rubidium and caesium ions to dodecyl carboxylate in a liquid crystalline phase. 37 However, for the system under study, i.e. for solutions of polyelectrolytes, the order parameter averages to zero and the NMR quadrupole splitting method cannot be used. In order to assess the physical origin of measured enthalpies of mixing, 33 the process of mixing the polyion and the counterions was investigated by using another NMR method, namely the pulsed field gradient spin-echo NMR method (PFG SE NMR). By the use of PFG SE NMR it is possible to determine self-diffusion coefficients of the polyion and counterions that are valuable tools for the evaluation of counterion-polyelectrolyte interactions. 38, 39 Pulsed field gradient spin-echo NMR experiments were then performed at 298.1 K and, due to the lower sensitivity of NMR experiments, at somewhat higher (four-fold) concentrations than those used in the calorimetric measurements. The obtained self-diffusion coefficients were used to evaluate f for every single counterion species involved in the mixing experiment. The experimental values were compared with f derived from the solution of the Poisson-Boltzmann equation within the cell model of cylindrical symmetry. Finally, using the results of NMR experiments, the calorimetric data from mixing experiments were evaluated through a model thermodynamic analysis which enabled us to determine standard thermodynamic quantities for alkali metal counterions involved in mixing.
Experimental part

Synthesis and sample preparation
Synthesis. Detailed description of synthesis, characterisation and purification of PTAA is given in our previous papers, 32, 40 while only the most essential information is repeated here. As a starting material thiophen-3-ylacetic acid was used. This acid was esterified to give thiophen-3-ylacetic acid methyl ester and the latter one was converted to poly(methyl thiophen-3-ylacetate) by oxidative polymerisation. The polymerised product was fractionated on the basis of molar mass dependent solubility. The molar mass of each fraction was determined using size exclusion chromatography (SEC). 32 The fraction with weightaverage molar mass M w = 13.4 kg mol À1 and number-average molar mass M n = 7.2 kg mol À1 (dispersity Ð = M w /M n = 1.86) was converted to PTAA by alkaline hydrolysis with NaOH and used in further work.
Sample preparation for NMR experiments. Detailed description of sample preparation for NMR experiments is given in the ESI † while only brief description is given here.
Lithium salt solution of PTAA was prepared by dissolving the dry PTAA sample in 0.1 mol dm À3 LiOH solution and light water (H 2 O) was removed afterwards by freeze-drying to obtain dry PTALi salt. The degree of neutralisation of PTAA with LiOH in the solution prepared for freeze-drying was around 97%. This value was verified by the use of atomic absorption spectroscopy (concentration of Li + ions) and potentiometric titration of remaining non-neutralised carboxylic groups. Taking that PTAA is a representative of weak polyacids its degree of ionisation can be equalled with its degree of ionisation. The pH value of aqueous (H 2 O) PTAA solutions having a degree of neutralisation of 97% slightly depends on concentration and is around 8. This holds true both for solutions without simple salt added and for solutions with low or moderate concentration of simple salt added. 41 Complete neutralisation of PTAA was in our case avoided in order to prevent introducing surplus of Li + ions. When NMR experiments with these samples in deuterated water (D 2 O) are considered, some small departures from pH values measured in non-deuterated water can be expected. 42 These differences, however, are too small to influence notably experimental results under given experimental conditions. The dried sample of PTALi was then dissolved in the corresponding amount of D 2 O to obtain PE solution with a concentration of 0.02 monomol dm À3 . In order to prepare solutions with selected molar ratios (r n ) between the added counterion and the PE's monomeric units, a corresponding volume of 0.2 mol dm À3 simple salt solution was added to 0.02 monomol dm À3 solution of PTALi in D 2 O. Here the molar ratio r n is defined as
where c x and c p stand for the molar concentration of added simple salt and of PE (expressed in monomol dm À3 ) in the mixture, respectively. In mixing experiments simple salts such as lithium, sodium, caesium, tetramethylammonium (TMA + ), tetraethylammonium (TEA + ), tetrapropylammonium (TPA + ), and tetrabutylammonium (TBA + ) chlorides were used. The self-diffusion coefficients of Li + and of PTA À polyions (stemming from PTALi) as well as of the added counterion (from the simple salt added) were measured in prepared mixtures according to the procedure described in the following subsection.
Measurements
Self-diffusion coefficient measurement. Depending on the studied nucleus and on the sample characteristics, the requirements for PFG SE NMR experiments are different. Moreover, the accuracy of the obtained data also differs; further details are given in the ESI. † For 7 Li ions and 1 H (TMA + , TEA + , TPA + , and TBA + ions and PTA À polyions), a Bruker Avance DRX 500 NMR spectrometer operating at 499.76 MHz for 1 H was used. Spectra were recorded using a 1 H/X BBO broadband probe equipped with z-gradient coil producing 0.55 T m À1 at maximum. During these measurements the temperature was maintained at 298.1 K (AE0.1 K).
For 23 Na and 133 Cs ions, higher gradients were required. Due to the fast relaxation of 23 Na nuclei magnetisation (T 1 B 20 ms), short and intense gradient pulses had to be used. In the case of 133 Cs, the high gradient field was needed to compensate the low gyromagnetic ratio of this nucleus and to obtain sufficient signal attenuation (see eqn (2) and (3)). 43 All these special demands, required by the properties of 23 Na and 133 Cs nuclei, were met by using a Bruker Avance III narrow bore Spectrometer operating at a magnetic field of 7.05 T equipped with a Diff30 gradient probe (producing 12 T m À1 A À1 at maximum) with a single (i.e. z) shielded gradient coil connected to a GREAT30 current amplifier capable of generating current pulses of 30 A amplitude.
All NMR experiments were performed in D 2 O. A stimulated echo pulse sequence with longitudinal eddy current delay (BPP-LED, 44 T e = 5 ms) and bipolar gradient pulses of sine-shaped amplitude was used. During measurements the gradient of the magnetic field was increased in 16 increments (from 2% to 60% of maximal gradient strength for 133 Cs and from 2% to 90% for 23 Na). Gradient pulse lengths were d = 2 Â 1 ms for 133 Cs, and d = 2 Â 0.5 ms for 23 Na while the diffusion delay D was 100 ms for 133 Cs and 15 ms for 23 Na.
The self-diffusion coefficient of counterions D was calculated by fitting expression (2) to experimental points
where A(k) and A 0 represent the signal intensity in the presence and in the absence of the magnetic field gradient, respectively, and k is defined as: 44
In the above equation, d stands for the duration of gradient pulses, g for the magnetic field gradient, g for the nuclear gyromagnetic ratio of the nucleus under study, D for the separation time between a pair of gradient pulses, and t for the separation time between the second gradient pulse in the pair and the next radiofrequency pulse.
Regarding polyion self-diffusion coefficient (D p ) determination, a correction for sample dispersity was taken into account by using the equation 45 AðkÞ
where hD 2 i m and hDi m represent the mass average of the squared polyion self-diffusion coefficient and the mass average of the polyion self-diffusion coefficient, respectively. In dilute solutions, it is possible to use a scaling approach 46
which takes into account the dependence of the self-diffusion coefficient on the molecular mass. In eqn (5), D(M) represents the molar-mass dependent self-diffusion coefficient of the polyion, M the molar mass of observed species, and a is a positive parameter related to the average conformation of the polymer. In the case of a random coil, the value of a is 0.6 while for the non-draining ellipsoid the value is 0.33. 46 Assuming a log-normal polymer molar mass distribution, hD 2 i m and hDi m can be computed using eqn (5) since all the moments of the distribution are known. Eqn (4) is then rewritten as (see the ESI † for derivation):
During fitting, the value of dispersity Ð was kept constant at 1.86 (the value determined by SEC), while the mass-averaged polyion self-diffusion coefficient (D p hDi m ) and a were used as adjustable parameters. The measured self-diffusion coefficient of the counterions was used to evaluate the fraction of free counterions, f, a quantity that has in the case of PE solution a similar value as the osmotic coefficient or the activity coefficient of counterions. 47 In PE solutions, f can be obtained from the ratio between the measured self-diffusion coefficient of the counterion (D) and the self-diffusion coefficient of the given counterion in the limit of infinite dilution (D1). In order to eliminate the contribution of counterions bound to polyions to diffusion processes, in our case the self-diffusion of the polyion (D p ) was also taken into account:
Ultraviolet-visible absorption spectra measurements. UV/vis absorption spectra were recorded at 298.1 K in a quartz cuvette with the optical path of 0.025 cm using a Varian Cary 100 UV/vis spectrophotometer. During these experiments aqueous solution of PTALi (c p = 0.005 monomol dm À3 ) was mixed with such a volume of simple salt solution (0.15 mol dm À3 ) that the desired value of r n was achieved. The cuvette was filled with the solution and the absorption spectrum in the interval from 800 nm to 200 nm was measured.
Theoretical part
Cylindrical cell model
In order to estimate f in the salt-free PE solution as well as in the PE solution with the simple salt added, the Poisson-Boltzmann equation in cylindrical symmetry [47] [48] [49] was solved, and its solution was used in the theoretical prediction of f. This approach takes into account only electrostatic interactions and ignores possible specific interactions stemming from the hydrophobic effect. Taking that this theory is frequently used in the scientific literature, the calculation procedure is omitted here and is given in the ESI † instead.
Thermodynamic analysis of cation-polyion association
Calorimetric data obtained in our previous study 33 cannot provide per se a molecular insight into the processes occurring when PE solution is mixed with simple salt solution. In order to get such a picture from calorimetric data, a new model, based on our previous work, 50, 51 was developed. In this new model, besides calorimetric data, measured fractions of free counterions are used as relevant input parameters.
It is assumed that each monomeric unit of the polymer can be represented as one independent binding site. This binding site can be either unoccupied (this is a model representation of the -COO À group where no counterion is present in its immediate vicinity) or occupied (a counterion is bound to the -COO À group thus screening its charge effectively). In the pure PE solution without added simple salt (in our case this corresponds to PTALi solution) there exists an equilibrium between unoccupied and with lithium counterions occupied binding sites. When simple salt is added, the added counterions compete with the already present lithium counterions for unoccupied binding sites. This new equilibrium in solution can be written down as:
where PTA À , PTALi, and PTAM represent an unoccupied binding site, a binding site occupied by the lithium ion, and the one occupied by the added counterion, respectively. There also exists a competition for occupied binding sites but this competition is indirect via unoccupied sites. The enthalpy change accompanying the addition of simple salt at a given temperature, D add H x (T), can be expressed as 52, 53 
represents the enthalpy of binding of the i-type counterion to an unoccupied binding site and (qn i /qn x ) p,T,n 1 denotes the partial derivative of the amount of binding sites n i occupied by counterion i with respect to the total amount of added simple salt n x at given p, T and constant amount of solvent (n 1 ). When eqn (8) is applied to above described counterionpolyion interactions and if it is assumed that
where D b H À J M (T) stands for the standard molar enthalpy of binding of counterion M and square brackets denote the equilibrium concentration of given species in solution. The latter concentrations can be calculated from the total concentration of added salt (c x ), monomeric unit concentration (c p ), and equilibrium constant for binding of the lithium ion (eqn (10)) and of the added counterion (eqn (11)), respectively.
The temperature dependence of standard molar Gibbs energies, D b G À J i (T), and enthalpies of binding can be expressed by the Gibbs-Helmholtz relation (eqn (12) ) and by the Kirchhoff law (eqn (13)).
The use of the above written relations allows us to describe the binding of each type of counterion with a single set of adjustable parameters K i , D b H À J i (T 0 ), and the difference in the molar heat capacities of products and reactants (
In order to minimize the number of adjustable parameters, the equilibrium constants K i can be calculated from the measured fractions of free counterions using the approximation that the activity coefficient of counterions is equal to f and that activity coefficients of -COO À and -COO À M + species are equal to 1.
Although the first approximation is believed to hold rather well, 47 the validity of the last two is more questionable. Therefore, K i are not the true thermodynamic constants but the apparent ones.
Since previous 32 and current experiments (see Fig. 2 in Section 4.1) show that the fractions of free lithium, sodium, and caesium counterions in salt-free PTAA solutions are equal within the experimental error, it is assumed that K Li = K Na = K Cs . The binding constant K Li was estimated from the analytical concentration (c Li ) and the fraction of free lithium counterions 
Results and discussion
Fractions of free counterions
In Fig. 2 and 3 fractions of free alkali metal ( Fig. 2 ) and tetraalkylammonium ( Fig. 3 ) counterions in PTALi solutions containing various amounts of simple salts added are shown. The presented experimental points were obtained during the mixing of 0.020 monomol dm À3 aqueous solution of PTALi with 0.2 mol dm À3 solutions of alkali metal chlorides (LiCl, NaCl, and CsCl), and tetraalkylammonium chlorides (TMACl, TEACl, TPACl, and TBACl), respectively. Measured values are shown as a function of r n , representing a ratio between the concentration of simple salt added and the monomolar concentration of PTA À .
Alkali counterion addition. There is a faint indication that other added counterions might displace bound Li + ions to an extent which slightly exceeds the statistical one (see Fig. S2 in the ESI †) but this observation might also be easily a consequence of the experimental error.
Therefore, f Li values in Fig. 2 and 3 are shown as an average of values obtained for the addition of all simple salts whereas error bars show the largest deviation of measured values from the average value of f Li .
As one can see, f increases in all cases with increasing r n . Such a trend is also predicted by electrostatic theories: as an example of such calculations the result of the cylindrical cell model (a = 0.4 nm, b = 0.38 nm) is depicted by continuous black lines in both figures. Since counterions are considered to be pointlike in these calculations, this line holds for all monovalent salts of PTAA. It is possible to mimic the effect of finite radii of counterions by increasing the radius a of the polyion in these calculations (a can also be regarded as a distance of the closest approach of the centre of counterions to the axis of the polyion). Such calculations would show that increasing the radius of counterions leads to slightly larger values of f. As can be seen in Fig. 2 , theoretical and measured values agree very well for the case of lithium and caesium counterions whereas for sodium ones the agreement is apparently good only at large enough r n values. The reason for sodium deviation at r n = 0.25 and 0.5 is most probably an experimental error which can be attributed to the low signal-to-noise ratio stemming from the short relaxation time of the 23 Na nucleus (see the ESI †). Fig. 2 shows that sodium counterions bind to PTA À to a similar extent as other alkali ions for large values of r n and the values of f measured in solutions of alkali metal salts of PTAA suggest 32 that this is also valid at low r n values.
In the absence of more accurate experimental results, it will be assumed that in the case of alkali metal ions no preferential binding of counterions to PTA À exists. The exchange of different alkali metal counterions bound to PTA À therefore seems to be of statistical nature. In addition, regarding the concordance of measured f of alkali metal counterions with the ones calculated from the theory it is possible to say that electrostatic interactions satisfactorily explain the binding of alkali metal counterions to the polyanion. Yet, the observation that all the studied alkali metal counterions are bound to the PTA À polyion approximately to the same extent tells nothing about details how 34, 54, 55 these counterions are bound. The used PFG SE NMR method cannot give such a kind of information and other methods should be used for this purpose.
From f it is possible to calculate the fraction of charged groups on the polyion counterbalanced by bound counterions (also known as the degree of condensation or the fraction of occupied binding sites, depending on the model used), y. This quantity is for some purposes a better indicator of processes occurring on the polyion than f. If one calculates y from theoretically computed f as
we see (Fig. S3 in the ESI †) that y has rather a constant value of about 0.5 for all values of r n . This means that the addition of new alkali metal counterions does not change y but merely leads to the exchange of bound counterions with the added ones. These results confirm the assumption made in our previous paper 33 that differences in heats of mixing are not a consequence of different fractions of bound alkali metal counterions, but rather of different molar enthalpies of the hydration of counterions already present in solution and of the added counterion. Tetraalkylammonium counterion addition. In Fig. 3 , the dependence of the fraction of free tetraalkylammonium counterions on r n is compared with the prediction based on the cylindrical cell model (continuous black line; please recall that this prediction largely coincides with values of f measured for the addition of alkali metal chloride solutions). We can see that, similar to alkali metal counterions, the values of f of tetraalkylammonium counterions also increase with r n . In contrast to alkali metal counterions, tetraalkylammonium counterions show a distinctive trend for f with the size of the counterion (the greater the counterion, the lower the fraction of free counterions) and this trend is opposite to the one predicted by electrostatics.
The highest f is exhibited by the smallest counterion, i.e. the tetramethylammonium (TMA + ) ion. Measured f TMA is almost identical to those predicted by electrostatics and measured for alkali metal counterions. The values of f TMA deviate considerably (beyond experimental error) from those observed for alkali metal counterions only at r n = 0.125 and r n = 0.25. However, this deviation is (at least partially) an artefact of measurements, as for 23 Na, though for a different reason. For TMA + , it arises from the overlap of the 1 H NMR signal of TMA + and PTA À peaks (see the ESI †). For larger values of r n , the ratio of the intensity of PTA À to TMA + peaks is much smaller and consequently the error diminishes. Taking this factor into account, it may be claimed that the values of f TMA do not deviate considerably from fractions of free alkali metal counterions. This observation is also in line with some earlier findings. 56 In the case of tetraalkylammonium counterions with longer alkyl chains (TEA + , TPA + , and TBA + ) there exist counterion peaks in the 1 H NMR spectrum which are well separated from the polyion peaks and difficulties related to the peak overlap vanish. The effect of diminishing f with the increased length of alkyl chains is especially pronounced at low values of r n . To be more specific, at r n = 0.125 approximately 60% of TEA + , 70% of TPA + , and 80% of TBA + counterions are bound to the polyion. Obviously, in the case of counterions with longer alkyl chains, the polyion-counterion association is driven by some additional attractive interactions. These interactions, provoked probably by the presence of hydrophobic thiophene rings, should at least partially contribute to the measured enthalpies of mixing and thus to the different trends in the dependence of enthalpies of mixing on hydration enthalpies of tetraalkylammonium counterions. 33 With increasing r n differences in f diminish.
The plot of the total fraction of occupied sites, y tot , and the fraction of sites occupied by lithium counterions, y Li , versus r n (Fig. 4) shows an even more interesting picture. The values of y tot are here calculated from the experimentally determined f Li and fractions of free added tetraalkylammonium counterions, f TAA , as
Whereas for moderate (r n o 1) additions of TMACl, TEACl, and TPACl, the total fraction of occupied sites y tot is just slightly above 0.5 and due to the experimental error no preferential binding among TMA + , TEA + or TPA + counterions can be established, and at higher values of r n one can find a distinctive increase of y tot with the increase of alkyl chain length. At r n = 2.5 for TMA + y tot = 0.47, for TEA + 0.55, for TPA + 0.60, and for TBA + 0.77. In spite of increased binding of counterions with longer alkyl chains y Li remains unaffected by the kind of added counterion.
Since the fraction of bound counterions (at r n = 2.5, y tot is about 50% greater for the addition of TBA + than for TMA + ) increases with the length of the alkyl chain in counterions, one might expect that the conformation of the PTA À polyion is dependent on the kind of counterion.
Conformation of the polyion
A transition of the conjugated polyion from an extended conformation to a more compact one may be evidenced, among others, from the change in the polyion self-diffusion coefficient (D p ) and from the position of the absorption maximum in its UV/vis spectrum.
In the present case, the addition of any simple salt to PTALi solution leads to the increase of D p as r n increases (Fig. 5 ). Regarding differences among results obtained for various simple salts one has to say that the relative error in measured self-diffusion coefficients can exceed 5% (the estimated uncertainty is shown in Fig. 5 by error bars) (see the ESI †). Despite the experimental uncertainty, it seems that two counterions (TPA + and TBA + ) have a more pronounced effect on D p than the other ones. This holds true especially for TBA + where distinctively larger values of D p are observed at all r n values. For TPA + , noticeably different values are present only at high r n . Regarding the addition of salts, presented in Fig. 5 , the smallest increase of D p is observed for the addition of LiCl, while the remaining two studied simple salts (i.e. NaCl and CsCl; not shown in Fig. 5) give similar to or slightly smaller effects than the addition of LiCl.
The observed general trend of increasing D p with increasing r n can be ascribed to the screening of electrostatic forces in solution. In principle, electrostatic forces could stem either from inter-or intramolecular interactions. It is known that screening of intermolecular interactions is the most probable reason for the increase of 'slow' diffusion coefficient 57 observed in dynamic light scattering (DLS) experiments during the addition of simple salt to PE solution. On the other hand, the 'slow' diffusion coefficient cannot be equated using the selfdiffusion process 58 and the increase of D p therefore cannot be unambiguously ascribed to screening of intermolecular interactions. Consequently, the trend observed in Fig. 5 may be at least partially a result of the screening of intramolecular electrostatic forces by added simple salt, which provokes transition to more constricted conformation of the polyion. Using the Stokes-Einstein relation, one can estimate the hydrodynamic radius of the PTALi polyion (D p = 9.1 Â 10 À11 m 2 s À1 ; see Fig. 5 ) at r n = 2.5 to lie around 2.7 nm, which is a reasonable estimate for our sample.
The effect of screening of intramolecular electrostatic forces observed through the dependence of D p on r n can be verified in Fig. 6 , where l max is the position of the absorption maximum in the UV/vis spectrum of 5 Â 10 À3 monomol dm À3 solution of PTALi, as a function of r n and the nature of added salt is reported. When solutions of alkali metal chlorides are added to PTALi solution, the position of the absorption maximum does not change notably (these data are omitted in Fig. 6 ). l max does not change either upon TMACl addition, similar to what was observed for f. In contrast, upon addition of TEACl to PTALi, a blue shift of up to 5 nm is observed. With TPACl, the blue shift is slightly more pronounced (7 nm) while the largest shift is observed during titration with TBACl where l max shifts for about 20 nm towards lower wavelengths. As for D p , the main change in l max takes place at low r n values (r n o 0.5).
The blue shift in the spectra of conjugated PEs can be explained by two phenomena. The first one is a dissolution of p-aggregates 28 and the second one is the collapse of the polymer chain that leads to a shorter effective conjugation length. 59 In the classical study of McCullough et al. the blue shift observed during the addition of different counterions to aqueous solution of regio-regular poly(thiophen-3-ylpropionic acid) was explained by the decomposition of p-aggregates. 28 On the other side, in our study regio-irregular PTAA was used and the blue shift can hardly be ascribed to the disaggregation of p-aggregates due to the following reasons: (i) blue shifts observed in the study of McCullough et al. 28 are much more pronounced than those found here (in the case of TBACl 130 nm vs. 20 nm observed in this study); (ii) the formation of p-aggregates is far less likely to occur in the case of regioirregular conjugated polymers than in the case of regio-regular ones; 60 (iii) the disappearance of p-aggregates would very likely Fig. 5 Dependence of the self-diffusion coefficient of the polyion (D p ) on ratio r n obtained during mixing 0.020 monomol dm À3 PTALi aqueous solution with 0.2 mol dm À3 LiCl, TMACl, TEACl, TPACl, and TBACl at 298.15 K, respectively. Legend as in Fig. 3 . Lines are used to guide the eye. Fig. 6 Position of the maximum of the UV/vis absorption spectra as a function of r n for the titration of 0.005 monomol dm À3 PTALi aqueous solution with different tetraalkylammonium chlorides. Legend as in Fig. 3 . Lines are used to guide the eye.
influence the shape of the absorption spectrum; 60 (iv) it was shown by X-ray scattering that no reversible aggregates were formed in aqueous solutions of sodium salt of the regio-irregular PTAA sample having a similar molar mass as the sample used in our study. 30 Considering also the above mentioned arguments, we ascribe the blue shift observed during the addition of tetraalkylammonium counterions with longer alkyl chains to the transition of the polyion to a more compact conformation.
The most pronounced blue shift, provoked by the addition of TBA + counterions, can be explained by a stronger/more extensive counterion binding (higher y tot , see Fig. 4 ) which leads to a more effective screening of electrostatic forces on the polyion. The correlation between y tot and the blue shift holds quite well also for other tetraalkylammonium counterions: they both increase by increasing the length of alkyl chains in these counterions. On the other side, D p increases irrespective of the kind of simple salt added while l max remains unchanged only in the case of the addition of alkali metal salts and TMACl. This might be a consequence of the transition of the polyion to a more compact conformation which does not affect notably an effective conjugation length. Namely, certain theoretical studies 61, 62 have shown that the moderate loss of coplanarity does not change significantly the conjugation length in polythiophenes.
Thermodynamic analysis
Fractions of free counterions, obtained in the current study, are valuable information that supplements the enthalpies of mixing, D mix H, measured in our previous study. 33 The study showed that D mix H measured during the mixing of PTALi with alkali and tetraalkylammonium chlorides has distinctly a different dependence on the enthalpy of hydration of the salt cation, D hyd H. This different dependence was ascribed to the dissimilar nature of both groups of cations (i.e. hydrophilic and hydrophobic) and to leaving/entering of water molecules from/to solvent sheaths of solutes being dependent on the nature of counterions. Due to uncertainties related to possible preferential binding of certain kinds of counterions more detailed analysis of calorimetric data at that moment would be pure speculation and was therefore omitted. By having determined f for every kind of counterion under similar conditions at which D mix H was measured it is then possible to keep one step forward and to make use of thermodynamic analysis described in Section 3.2 of this paper. The reader should be aware that the calorimetric data, although being the same, are shown in ref. 33 as cumulative heats of mixing per mole of monomeric units (in order to compare the figures with theoretical calculations of Boyd et al. 63 ) while in the present analysis differential heats of mixing, D dmix H, expressed per mole of added simple salt are used.
In our thermodynamic analysis, the standard Gibbs energy of binding, D b G À J i (T), of a given counterion i to the PTA À polyion was directly calculated from the apparent equilibrium constant K i for binding of counterion i. Following the results of one of our previous studies 32 and the present NMR data (see Fig. 7) and of mixing of PTALi with CsCl ( Fig. 8) is reasonably good. The agreement could be even improved if the assumption of equal constants of binding for all counterions was not made or if the existence of more than one set of independent binding sites 50,64 was assumed. Nevertheless, in order to get physically reasonable results which are consistent with our previous observations no such sidesteps from our understanding of the studied system were made.
As a part of the fitting procedure, the fractions of free counterions f i for every ionic species i were calculated from the calorimetric model at each r n . These fractions are shown in Fig. 9 together with the experimentally determined values. It can be seen that experimentally determined and model values of f coincide at r n = 0, which is a direct consequence of the fact that K i of alkali metal counterions was estimated from f Li in PTALi solution at r n = 0. At higher values of r n , the concordance between measured and modelled f is poorer although it is still reasonably good. As a consequence, the use of K i at larger r n values underestimates f which consequently leads to the overestimation of y.
On the other hand, the existence of different kinds of binding sites 64 cannot be completely discarded although no such evidence exists. It is quite possible that some counterions are non-specifically bound in the electrostatic atmosphere while the other ones may be bound by site-binding. 65 In such a case it cannot be expected that the model which takes into account only one binding mode would successfully describe the observed mixing process.
The thermodynamic parameters, obtained during global fitting of the model function to the experimental data shown in Fig. 7 and 8 , are graphically represented in Fig. 10 for T = 298.15 K.
Taking into account coulombic interactions only, the addition of simple salt to PE salt solution should be an endothermic process. 63 For the system under study, where the strongly hydrated lithium counterion was present both in the PE and in the added salt solutions, it was observed that the exchanged heat qualitatively agrees with the theoretical prediction assuming only Coulombic interactions. 33 The mixing was notably more endothermic than expected when the PE salt included the weakly hydrated caesium counterion and LiCl was added whereas the process was strongly exothermic when lithium PE salt was mixed with CsCl. It is therefore not surprising that thermodynamic analysis gave (at 298.15 K) a slightly positive value for D b H Cs were negative: the latter more than the former. The extent of hydration of alkali ions decreases with increasing crystallographic radius of the ion and accordingly, hydration is becoming less and less exothermic from lithium to caesium. 66 Although D b H À J is small (in absolute sense) in comparison with D b G À J , values of standard molar enthalpies are measured rather accurately (see error bars in Fig. 10 ) so that the dependence of D b H À J on the kind of counterion can be firmly determined. If we recall Fig. S3 in the ESI, † where the total fraction of occupied binding sites on PTA À (i.e. the total fraction of polyion charge neutralised by bound counterions) is plotted, the mixing seems to be reduced to a process where upon mixing the bound counterion is just replaced by a counterion of the other kind. During the binding of a counterion to a polyion some water molecules are released from the solvation shell of the counterion 67, 68 (and usually also from the solvation shell of the polyion) to the bulk. The release of water molecules is energetically less favourable for counterions having more negative standard enthalpies of hydration -in our case this would apply to lithium counterions. This is reflected in
where the highest D b H À J was obtained for lithium and the lowest one for caesium. By fixing D b G À J to be equal for all alkali counterions, the dependence of D b H À J on the kind of counterion also determines such a dependence of D b S À J . The increase of D b S À J is the highest for strongly hydrated lithium counterions, whereas it is the smallest for caesium counterions. The entropy increase can be explained by the release of water molecules. Namely, one can expect that the ion having more water molecules in its solvation shell will lose more water molecules upon binding than the ion that is poorly hydrated. The release of more water molecules from the solvation shell to bulk water is accompanied by a higher increase of entropy. When values of D b H À J and Obviously, the increase of entropy is a driving force of the studied process which is an observation, which was in similar cases often quoted also in the literature. 50, 68, 69 The assumption that the binding of counterions to the polyion is accompanied by the partial dehydration of counterions is also corroborated by changes in D b C À J p . Fig. 10 shows that changes of D b C À J p do not show any obvious dependence on the counterion size. However, the changes in D b C À J p upon counterion binding are positive for all the counterions studied. The increase of D b C À J p may be in our case explained by the increased fluctuations of the enthalpy of the system. 70 Namely, the gap between different energy levels accessible to water molecules being part of the ionic hydration shell is large and thus the fluctuations in enthalpy are relatively small. When a water molecule is released into the bulk phase, the differences between enthalpic levels accessible to the water molecule become smaller. Consequently, the fluctuations in enthalpy are increased, which leads to an increased value of D b C À J p .
The positive values of D b C À J p therefore confirm our premise that some water molecules are released upon counterion binding. These results are in good agreement with similar treatment of calorimetric data for some other polyelectrolytes. 50, 51 A similar analysis of titration curves as performed for mixing PTALi with alkali chlorides was tried to be carried out also for mixing PTALi with tetraalkylammonium chlorides. Considering the different nature of tetraalkylammonium ions, in addition to a fit with one set of binding sites we also tried a fit with two sets of binding sites but in both cases analysis failed to give any reasonable result. This was yet another indication that in the case of tetraalkylammonium counterions besides electrostatics other interactions are at play and that a more elaborate model should be used for obtaining standard thermodynamic parameters.
Conclusions
The binding of counterions to the conjugated polyion, observed during the mixing aqueous solution of lithium salt of poly(thiophen-3-ylacetic acid) (PTALi) with alkali metal chlorides at 25 1C, can be satisfactorily described by electrostatic theories. While none of the alkali metal counterions seems to bind preferentially, the mixing of tetraalkylammonium (TAA + ) chlorides with PTALi showed that TAA + cations with longer alkyl chains bind to the polyion more extensively than predicted by electrostatics. The fraction of bound counterions increases in the order from the tetramethylammonium to tetrabutylammonium counterion and is in the case of tetrapropylammonium and tetrabutylammonium ions accompanied by the blue shift in the UV/vis absorption spectrum. The increase of the diffusion coefficient D p of the polyion was observed in all cases when alkali metal or tetraalkylammonium chlorides were added to PTALi but the increase of D p was again more pronounced when tetrapropylammonium and tetrabutylammonium chloride solutions were added, suggesting that the addition of these counterions promotes further transition of PTA À polyions to more compact conformation.
Thermodynamic analysis of calorimetric data obtained upon mixing PTALi solution with solutions of alkali metal chlorides confirmed our assumption that observed differences in heats of mixing are a consequence of different strengths and extents of hydration of these cations. The calculated standard enthalpies of binding of alkali metal counterions clearly indicate that dehydration of these counterions (release of water molecules from the counterion hydration shell into the bulk water) takes place upon binding. Namely, while D b H À J is positive for Li + , the same quantity is increasingly negative from Na + to Cs + which is in concordance with the finding that the hydrogen bond in the first hydration shell of Li + is stronger than the one in the bulk water and, vice versa, hydrogen bonds in hydration shells of Na + and (especially) Cs + are weaker than those in the bulk water. 71, 72 On the other side, the thermodynamic model, despite including an additional kind of binding site, completely failed in describing mixing of PTALi with tetraalkylammonium chloride solutions. This is yet another evidence that the nature of binding of tetraalkylammonium counterions to the PTA À polyion is different from the one observed for alkali counterions and that it may include additional interactions, which are most probably of hydrophobic nature. Further theoretical studies based on molecular dynamics and experiments exploiting the nuclear Overhauser effect between the ions and the polyelectrolyte might be of help in resolving different modes of binding of both kinds of counterions to PTA À .
